A self-assembled monolayer (SAM) technique was employed to produce carbonate apatite (CA) coatings onto Ti substrates after sulfonation. The Ti substrates thus treated (S-SAM-Ti) were immersed in metastable calcium phosphate solutions containing carbonate to induce precipitation of carbonate apatite on the surface. The uniformity and homogeneity of the CA layer was partly demonstrated by the XPS crater-edge-line analysis. Both calcium and phosphorus were distributed quite evenly within a layer of approximately 1000 nm.
Introduction
Titanium and titanium alloys are one choice for use in metal implants, because they have adequate biocompatibility and suitable physicochemical characteristics. Although titaniumrelated implants are characterized by direct contact between the implant and surrounding bone tissue, no direct chemical bond would be possible between them; therefore, they lack the potential to induce rapid bone formation. Many surface treatments have been developed to impart superior osteoconductive potential to implants. Calcium phosphate coating, specifically hydroxyapatite (HA) coating, is one surface treatment that most commonly employs a plasma spraying process. 1) 3) The problem with plasma spraying is the coating thickness, which is approximately 100¯m or more, so that fractures occur in thick coating layer. In addition, the HA phase is prone to decomposition into more soluble phases due to high temperature during plasma spraying 3) and is not applicable to implants with complex shapes. 1) In contrast, the preparation of calcium phosphate layers on dental Ti implants using a process similar to bone mineral formation is a very promising approach, because it does not require high temperature and makes it possible to include growth factors that are capable of inducing bone formation.
4) Campbell et al. 5 ),6) reported a new method for the production of calcium phosphate coatings in calcium phosphate solutions at a physiological temperature using a self-assembled monolayer (SAM) technique.
7) The stoichiometric HA film thus obtained is thought to be chemically superior to the amorphous plasma-sprayed HA films produced to date. Carbonate apatite (CA) resembles bone apatite more closely than HA and may prove to be more effective in stimulating bone induction; 8) therefore, it would be ideal to produce CA coatings rather than HA coatings. In the present study, a SAM technique was employed to produce CA coatings on Ti substrates.
Materials and methods

Ti substrates
Ti substrates (10 © 10 © 1 mm) were ultrasonically cleaned in acetone and ethanol, and immersed in a 1:1 (v/v) mixture of concentrated H 2 SO 4 and 30% H 2 O 2 for 1 h at 25°C to introduce OH terminal groups onto the surface.
9)
2.2 SAM formation and sulfonation SAM formation was carried out overnight in ethanol containing 1% (v/v) 10-undecenyl-dimethylchlorosilane at room temperature. The samples were then treated by sulfonation in a reaction vessel containing SO 3 gas for 2, 4, 8, 16, 32 and 64 min (Fig. 1 ).
Calcium phosphate solutions
Calcium phosphate (CP) solutions containing 5, 30 and 60 mM carbonate were prepared as immersion solutions (designated as A, B and C solutions, respectively) and their degrees of supersaturation with respect to hydroxyapatite (HA) and calcite (CaCO 3 ) 10) are shown in Table 1 . The degree to which the reaction solutions were saturated with respect to HA and calcite was determined using the equation:
Where Api is the ionic activity of the solution, Aps is the thermodynamic solubility product, and n is the number of ions in the product. R and T are the ideal gas constant and the absolute temperature.
11) The degree of supersaturation with respect to HA was kept the same for all three solutions. Five Ti substrates were placed in a sealed vessel containing 100 mL of one of the CP solutions at 37°C for 2 days.
X-ray photoelectron spectroscopy (XPS)
The success or failure of SAM formation was evaluated by XPS employing Al K¡ radiation (Quantera CM, ULVAC-PHI, Inc. Osaka, Japan). Survey spectra were collected with 100-eV pass energy and a 1-eV step at 20 ms/step. With some CP-coated specimens an XPS crater-edge-line analysis 12)14) was performed after Cs + ion etching to evaluate depth profile of Ca, P, O, Ti and C by using a diamond contact stylus.
Contact angle measurement
Ti substrates before and after SAM treatments with or without sulfonation were used for contact angle measurements (DropMaster, Kyowa Interface Science Co Ltd., Nagoya, Japan), which were carried out at 25°C by placing 1¯l of double distilled water on the substrate surface. At least five measurements were taken for each data point.
Scanning electron microscopy (SEM)
CP-coated Ti substrates were ion-sputter coated with platinum (80%) and palladium (20%) and observed with a scanning electron microscope (S-4500, Hitachi Ltd, Tokyo, Japan).
X-ray diffraction (XRD)
X-ray diffraction analysis was performed on CP-coated Ti substrates. A specimen was mounted in an X-ray diffraction holder using utility wax, and diffraction patterns were recorded at a scanning rate of 2°/min with an X-ray diffractometer (RINT 2000, Rigaku, Kyoto, Japan) operated at 50 kV and 150 mA.
ATR-fourier transform infrared spectroscopy (FTIR)
ATR-FTIR analysis (FTIR-8400, Shimadzu Co., Kyoto, Japan) was performed on the same Ti substrates used for XRD measurements. Scans were repeated 100 times in the liner absorption mode with a resolution of 4 cm ¹1 .
Electron Probe Microanalysis (EPMA)
The thickness of the CP-coating layer was evaluated using EPMA (Shimadzu EPMA-8705, Kyoto, Japan) for calcium and phosphorus using at an accelerating voltage of 15 kV and a specimen current of around 15 nA. Figure 2 shows an XPS spectrum of SAM-Ti after sulfonation (S-SAM-Ti). The binding energy of approximately 170 eV was assigned to S2s, which was not detected for the SAM-Ti before sulfonation. Figure 3 shows the changes in the water contact angle on SAM-Ti as a function of the sulfonation exposure time. The contact angle decreased steeply immediately after sulfonation, but appeared to increase again after 4 minutes, which indicated this as the best exposure time for the introduction of sulfonic acid at the terminus vinyl group of the alkylsilane tether in the present experiment. Fig. 1 . Schematic diagram for the formation of SO 3 H-SAM on a Ti substrate. The Ti substrates were coated with SAM terminated by CH=CH 2 , which was converted into sulfonic acid terminus (closed circles) after SO 3 gas exposure. The film thickness of SAM formation is about 12 nm. Solutions A, B and C were stable for at least two days at 37°C. No spontaneous bulk precipitation took place in any of the three solutions. Figure 4 shows the XRD patterns of S-SAM-Ti specimens immersed in solutions A, B, and C for 2 days. The diffraction peak at approximately 26°and a very broad peak at around 32°( 2ª) are characteristic of poorly crystalline apatite. No phases other than HA were detected. On specimens of Ti alone and SAM-Ti, no HA crystals were observed by XRD. Figure 5 shows ATR-FTIR absorption-mode spectra of the same specimens as those in Fig. 4 . The broad peak in the range of 14001550 cm ¹1 is due to lattice carbonate in the apatite structure. Broad doublet-like bands in the range of 1600 1400 cm ¹1 and a band at ³870 cm ¹1 that were characteristic for carbonate ion were clearly observed in the carbonate apatite. A greater amount of carbonate in the immersion solution results in higher lattice carbonate content. Although not shown, EPMA demonstrated that calcium and phosphorus were homogeneously distributed over the entire surface of every substrate, regardless of the solution used. Interestingly, however, the CA layer tended to be more uniform and homogeneous as the carbonate content increased. The uniformity and homogeneity of the CA layer is partly demonstrated by the XPS crater-edge-line analysis shown in Fig. 6 . Both calcium and phosphorus are distributed quite evenly within a layer of approximately 1000 nm, after which the quantities of both elements decreased rapidly while that of titanium increased, which indicates that the CA-coating layer was approximately 1000 nm thick. A typical SEM micrograph of S-SAM-Ti immersed in solution C for 2 days is shown in Fig. 7 . 
Results
Discussion
The results indicate that a thin layer consisting of single phase carbonate apatite (CA) is formed on sulfonated SAM-Ti substrates when immersed in CP solutions containing carbonate. The evidence that solutions A, B and C were stable from spontaneous bulk precipitation for at least two days under the conditions used in the present study strongly suggests that heterogeneous nucleation is to be the principal deposition mechanism with S-SAM-Ti. In the biomimetic process like the one used in the present study, introduction of negatively charged functional groups is crucial to the surface of substrates in inducing heterogeneous apatite nucleation. and SO 3 H 5),6), 18) have been reported to show ability to nucleate apatite. In the present study, sulfonated SAMs were used primarily because the conversion of vinyl end groups into sulfonated ones was easily carried out by simply exposing SAMs to SO 3 gas 5),6) and sulfate groups in proteoglycans have been demonstrated to be deeply associated with initial bone mineralization. 19) The finding that the presence of carbonate increases the amount of heterogeneous precipitation in the SAM system may conflict with the established evidence that carbonate is a strong inhibitor for both the nucleation and growth of calcium phosphate phases in conventional systems, and results in less precipitation. 20) The mechanism by which carbonate can promote CA precipitation in the SAM system will be a further research subject. Nevertheless, a thin CA layer could be successfully coated onto SAM-Ti substrates through biomimetic processing. The precipitated phase after one-day immersion in CP solutions was apatitic according to the XRD results, regardless of the carbonate. FTIR analysis indicated that the precipitate on Ti substrates in the presence of carbonate exhibited IR bands characteristic of lattice carbonate, of which the intensity increased with the carbonate content in CP solutions. EPMA demonstrated that the relative concentrations of calcium and phosphorus in the coating layer increased as the carbonate content in the CP solutions increased. Interestingly, the thickness of the precipitation layer (ca. 1000 nm) was almost independent of the immersion time for periods up to 2 days when 60 mM carbonate was employed, which was confirmed by the XPS crater-edge-line analysis after Cs + ion etching. In depth profiling usually employed, the intensity-time relation is converted to compositiondepth relation using a calibration material like Si. With Ar + ion sputtering, however depth profiling becomes mearingless when the layer thickness is beyond over 20 nm due to ion beam induced alteration of surface composition and topography. Instead, in the present study Cs + ion beam with higher enagy was sputtered into the CA/Ti surface to make a crater for subsequent crater-edge line profiling.
12)14)
Conclusion
A CA coating produced in the presence of carbonate would be advantageous over a HA coating which could be produced in the absence of, or presence of less carbonate, because the coating layer would be more uniform and consist of much smaller crystallites. The technique does not necessarily require high temperatures; therefore, it would be possible to include growth factors that are capable of inducing bone formation in every step of the present system.
